Introduction
Incorporation of vortex generating (VG) devices, in the design of compact aircraft inlets, has demonstrated significant improvements in turbofan engine-face flow distor-tion. 1 Recently Hamstra et al. 1 have shown a comparison between a computational fluid dynamics (CFD) analysis of a compact inlet flow, with VG vanes, to experimental results. They demonstrated how a CFD analysis was able to accurately predict the inlet surface pressure and engineface flow distortion. These CFD simulations used a simplified model of the VG vane, described by Bender et al., 2 eliminating the need to model the vane geometry resulting in a reduced computational cost.
The model described by Bender et al.2 models a VG vane by introducing a source term in the momentum and energy equations. The strength of the source term is adjusted based on the local flow and represents the side force generated by a vane or row of vanes. The success of this model for internal inlet flows shows that it may be possible to simulate the effects of VG vanes for other types of flows using a boundary condition approach rather than fully gridding the flow control devices. The validation of the Bender et al. 2 model was made using an integral of the cross flow kinetic energy tar down stream of the vanes at the inlet exit. In an effort to achieve a more detail evaluation of this and other types of reduced CFD models for vortex generator devices, numerical simulations of a single VG vane and VG jet on a flat plate were performed.
The numerical simulations of a single vane on a flat plate were generated in collaboration with the wind tunnel experiments performed at NASA Langley. This experi- mental data will be used to assess the flow predicted by a Reynolds-averaged Navier-Stokes flow solver for a single VG vane case. Evaluation of the numerical and experimental data will provide detailed insight into the physics of the flow around and downstream of the VG vane. The insight gained from this investigation can then be used to justify future modeling choices for the development of a reduced ordered CFD model.
Numerical Modeling
The steady-state flow field about a single vortex generator vane and a steady jet on a fiat plate were computed using the flow solver code, OVERFLOW, 3.4 developed at NASA. This code solves the compressible Reynoldsaveraged Navier-Stokes (RANS) equations using the diagonal scheme of Pulliam and Chaussee. 5 The RANS equations are solved on structured grids using the overset grid framework of Steger et al.6 This overset grid framework allows for the use of structured grids for problems which have complex geometries.
To improve the convergence of the steady-state solution, the OVERFLOW code also includes a low-Mach preconditioning option and a multigrid acceleration routine, which were both used for the numerical simulations.
The OVERFLOW code has several options for turbulence models.
This investigation focuses on the oneequation model of Spalart and Allmaras 7 (SA) and the two-equations (k-co) Shear-Stress Transport (SST) model of Menter. 8 The SA turbulence model is popular because of its ease of implementation, relative low cost, and good performance.
The SST model is a k-co two-equation model which accounts for the transport of the principal shear stress in adverse pressure gradients boundary layers. Both models are well known and have been widely used for aerospace vehicle applications.
The numerical simulations were performed using the parallel version of the OVERFLOW code developed by Jespersen. 9 This code uses the Message-Passing Interface (MPI) and can run on a tightly-coupled parallel machine or a network of workstations.
The code distributes zones to individual processors and can sprit larger individual zones across multiple processors by using a pipelined Gaussian elimination method. Splitting the larger zones across multiple processors significantly improves the load-balancing for problems with zones of varying size.
The structured overset grid system was generated using the Chimera Grid Tools package, l°Figure 1 shows a closeup view of the overset grids neat" the trapezoidal vane on the flat plate. This vane was modeled with a finite thickness and rounded edges using an O-grid around the vane and a cap grid for the top edge of the vane. The O-grid is overset on a Cartesian block grid which models the flat plate. In The volume grids around the vane were generated using the hyperbolic grid generator program in the Chimera Grid Tools package. 
Results and Discussions

Experimental Results
The PIV system collected flow filed data on a grid which had 40 points in the spanwise direction and 33 points in the vertical direction. The data points were evenly spaced at approximately 1.7 mm in the vertical direction and 2.2 mm in the spanwise direction. The three components of mean velocity were then collected at each grid point by the PIV system. Using the velocity data, the streamwise component of the vorticity was computed. The streamwise vorticity data was then used to plot the trajectory and decay of the peak vorticity as well as the positive circulation.
This data was then used to evaluate the numerical results given below.
Vortex Generating Vane
The finite thickness trapezoidal vane shown in Fig. 1 vorticity for the 23°vane case between the experimental data and the numerical simulations using the SA and SST turbulence models. Comparing the magnitude of the peak vorticity, it can be seen that both simulations under predict the initial magnitude and decay rates. The SST and SA simulations both predict an initial peak vorticity which are almost the same. However the SA simulation shows a much faster decay of the peak vorticity as compared to the SST simulation. The magnitude of the peak vorticity is still under predicted by the numerical simulations when compared to the experimental data. Unlike the 23°vane case, the peak vorticity predicted by the SA simulation is only slightly lower than the peak vorticity for the SST simulation.
Positive Circulation
The positive circulation, F +, about the streamwise vortex was computed for the 23°and 10°vane cases and shown in Figs. 6 and 7. The circulation was computed by integrating the positive streamwise vorticity around the vortex. In and effort to make a fair comparison between the numerical and experimental data, the velocity field was interpolated onto a grid similar in resolution as the experimental PIV data. The positive circulation about the streamwise vortex was then computed using this interpolated velocity data by computing vorticity and then integrating. the vortex strength and decay rate nearly the same when comparing the two turbulence models. 
Turbulent Eddy Viscosi_ Effects
To better understand the difference between the numerical results using the SA and SST turbulent models, contour plots of the streamwise vorticity and the turbulent eddy viscosity are shown in Fig. 10 . These contour plots show the streamwise vortex 15.2cm downstream from the trailing edge of the VG vane at _ --23°. From the vorticity plots it can been seen that the simulation using the SST model has a much higher peak vorticity and thus a much more concentrated vortex. This concentration of the vorticity relates to the difference seen in the streamwise velocity contours. In an effort to explain this difference in the two turbulence models, a contour plot of the turbulent eddy viscosity, gt, which is generated by the turbulent models, are shown in 
Simplified
Vane Geometry, Figure 11 shows a set of two grids which overlap and model a thin vane which has an area equal to the trapezoidal vane. This grid system does not account for the thickness of the vane but is much simpler to generate and can easily be modified to increase or decrease grid resolution. Considering the small differences in the trajectory of the streamwise vortex between the thin rectangular vane and the fully grided trapezoidal vane, it would seem more cost effective to use the simplified thin vane grids rather than the tully modeled trapezoidal vane.
Effects of Boundaty Layer Height
As a result of the fixed PIV measurement location, the vane was moved to different distances upstream in order study the evolution of the embedded vortex. 
model.
This comparison shows that the boundary layer profiles are predicted very well by the numerical simulations and are not a source for the large discrepancy between the peak vorticity observed between the experiment and numerical simulations.
Grid Convergence
The grid sensitivity of the embedded streamwise vortex is explored by comparing the trajectory results for coarse and fine grids. The grid resolution in the streamwise direction was evaluated first by comparing the previously computed results to those using a coarse and fine grid in the streamwise direction. The coarse grid was generated by halving the number of grid points in the streamwise, x, direction. Figure 18 shows the trajectory and peak vorticity from simulations where the wake grid was coarsen in the x direction and then a simulation where all of the grids were coarsen in the x direction. From this comparison it can be seen that when the wake grid is coarsen to 101 points in the streamwise direction, as compared to the original 301 points, that there is very little change in the vortex trajectory and peak vorticity. However, when all of the grids are coarsen in the x direction there is a small drop in the peak vorticity and very little change in the path of the vortex center. This shows that the original simulation results are converged as tar as the streamwise grid resolution is concerned. These results also show that the original wake grid resolution in the x direction can be reduced without loss of resolving the vortex peak vorticity magnitude and trajectory.
Next the grid sensitivity of the streamwise vortex in the cross-stream direction was evaluated.
As in the previous case, the original numerical results were compared to the results using coarse and fine wake and vane grids. The coarse grids were generated by halving the number of grid points in the vertical, z, and spanwise, y, directions. Likewise, the fine wake grid was generated by doubling the number of grid points in the z and y directions. Due to the large number of grid points need for this simulation, the wake grid for this case had the same number of grid points in the x direction as was used in the previous streamwise coarse wake grid. This was done since the vortex was not et'fected by coarsening the wake grid in the streamwise direction. Figure 19 shows a comparison between the coarse and fine grids simulations, in the yz plane, to the original simulation.
This figure shows how the coarse grid simulation shows a small drop in the peak vorticity generated by the vane. It also shows a small difference in the trajectory of the vortex center. The simulation using the fine grids predicts the same peak vorticity with a small difference in the vortex trajectories. This result shows that the original simulation has been resolved in terms of the grid resolution in the cross-stream direction.
Vortex Generating Jet
The generation of a persistent streamwise vortex by a The trajectory of the streamwise vortex generated by the skewed jet is shown in Fig. 20 . This figure compares two numerical simulations using the SA and SST turbulence models.
As was seen in the VG vane simulations, the SA turbulence model shows a lower peak vorticity at the core of the streamwise vortex. Figure 20 shows a small difference in the spanwise trajectory of the vortex between the two turbulence models.
There is also a significant difference in the vertical trajectory of the vortex between the SA and SST turbulence models. The difference in the initial decay of the positive circulation is most likely related to the negative secondary vortex generated by the VG jet. Figure 26 shows the streamwise velocity and vorticity contours at the same contour levels and locations as the 10°vane case shown in Fig. 9 . A comparison between these two figures shows how the flow patterns between the jet and vane look very similar.
Summary
The A comparison between two turbulence models for the vane case showed that the SST turbulence model was able to predict the vortex trajectory and peak vorticity decay rate much better than the SA turbulence model. The prediction of the flow for the vane at 10°was much better than the 23°case where the difference between the SA and SST models were smaller. The turbulent eddy viscosity, lat, generated by the turbulence models shows the SA model having a peak 14 near the center of the vortex where the SST model shows a minimum pt. This difference in the turbulent eddy viscosity would explain why simulations using the SA turbulence model displayed a more diffused vortex. The positive circulation comparisons showed that both simulations using the SA and SST turbulence models generated a streamwise vortex of equal strength. This shows that the differences in the peak vorticity between the turbulence models are related to the diffusion of the vortex and 
